This document has been approved for public release and sale; its distribution is unlimited. we have examined the energetics and elastic properties of all possible graphitic tubules with radii less than 9 A. We find that the strain energy per carbon relative to an unstrained graphite sheet goes as 1/R' (where R is the tubule radius)
and is insensitive to other aspects of the lattice structure, indicating that relationships derivable from continuum elastic theory persist well into the small radius limit. We also predict that this strain energy is much smaller than that in highly-symmetric fullerene clusters with similar radii, suggesting a possible thermodynamic preference for tubular structures rather than cage structures. The empirical potentials further predict that the elastic constants along the tubule axis generally soften with decreasing tubule radius, although with a distinct dependence on helical conformation. Theoretical studies of these small-radii graphitic tubules have focused primarily on their electronic properties. Local-density functional (LDF) 3 and empirical tight-binding electronic structure calculations 4 -6 predict that these materials will show conducting properties varying from metals to moderate band gap semiconductors depending on their radii and helical arrangement of the carbon hexagons.
In contrast to the electronic properties, relatively little has been reported regarding the lattice energetics and elastic properties of these structures. Such information may be helpful for optimizing the conditions necessary for producing sub-nanometer radii graphitic tubules with high strength-to-weight ratios.
We have examined the energetics of a set of tubules that can be constructed conceptually by rolling up a single sheet of graphite into a cylindrical tube with constant radius. We report herein calculations for the energy and force constant along the tubule axis for all such tubules with radii less than 9 A using two related many-body empirical potentials. We find that the strain energy per carbon relative to an unstrained graphite sheet goes as 1/R 2 (where R is the tubule radius) and is insensitive to other aspects of the lattice structure, indicating that relationships derivable from continuum elastic theory persist well into the small radius limit. These results are further supported by first-principles LDF calculations on a series of selected tubules. We also predict that the strain energy associated with infinitely-extended tubules is much smaller than that for highlysymmetric icosahedral fullerene clusters with similar average radii. We find that the force constants associated with stretching along the tubule axis decrease (i.e., the tubules become softer with decreasing radius). Unlike the strain energy, however, this force constant is sensitive to the helical structure of the tubule with the dependence increasing at smaller tubule radii.
We can visualize an infinite tubule as a conformal mapping of a twodimensional honeycomb lattice (depicted in Fig. 1 ) to the surface of a cylinder that is subject to periodic boundaries both around the cylinder and along its to the circumference of the tubule will possess a reflection plane; one of the primitive lattice vectors of the graphite lattice will map to a rotation about the tubule axis. These high-symmetry tubules will therefore be achiral. For convenience,
we will denote these high-symmetry structures based on the shapes made by the most direct continuous path of bonds around the circumference of the tubule.
The In,0] type structures we will denote as sawtooth, and the [n,n] type structures we will denote as serpentine structures. For other values of 0, the tubules will be chiral and have three inequivalent helical operations. By varying 0 for tubules with similar radii, we can then ascertain which properties depend on the helical nature of the tubules.
We calculate the strain energy and stretching force constant of each tubule using two related many-body empirical potentials., 8 For both potentials the binding energy is given as
i j>i
where rij is the scalar distance between atoms i and j, VR(rii) and VA(rj) represent a pair-additive core-core repulsion and an attraction due to valence electrons, respectively, and Bij is a many-body empirical bond order that couples quantities such as bond angles and local coordination to the attractive potential. In addition to the empirical potential calculations, we have also calculated the electronic structure of a set of tubule structures using a first-principles, all-electron self-consistent LDF approach originally developed to treat chain polymers 9 and recently adapted for helical symmetry.' 0 This method calculates the total energy and electronic structure using local Gaussian-type orbitals within a one-dimensional band structure approach. The one-electron states are Bloch functions generated by repeated application of a screw operation, and belong to the irreducible representations of the screw symmetry group with a dimensionless analog of the wave vector k. Herein we used twenty-four evenly spaced points in the one-dimensional Brillouin zone (-ir < k < 7r) and a carbon 7s3p Gaussian basis set.
We have examined all of the 169 tubules that can be constructed for radii less than 9 A, assuming a carbon-carbon bond distance of 1.44 A. We first generate an initial tubule structure with periodic boundary conditions matching the minimum translational periodicity along the tubule axis using the above-mentioned conformal mapping of the graphite sheet. Once these tubules are generated we relax the constraint of conformal mapping, and minimize the energy with respect to their configuration and periodic boundary along the tube axis for both these empirical potentials. Using this optimized structure we next calculate a numerical second derivative of the total energy with respect to strain along the tubule axis. e values ranging from 0 to 30 degrees, the strain energy appears to depend only on the radius and thus is independent of the chirality of the tubule.
We also calculated total energies for a series of high-symmetry tubules with 9 = 30* using first-principles LDF methods. These tubules all correspond to serpentine str.uctures of the form in,n]. The LDF electronic structure of the [5,5] structure has been presented elsewhere. 3 We have since found the minimum energy structure of this tubule by direct minimization of the total energy. The Based on a continuum elastic model, Tibbetts" derived a strain energy for a thin graphitic tubule of the general form:
where E is the elastic modulus, R is the radius of curvature, L is the length of the cylinder, and a is a representative thickness of the order of the graphite interplanar spacing (3.35 A). Assuming that the total number of carbons is given by N = 2irRL/fQ, where fl is the area per carbon, we find that tite sLrain energy per carbon is expected to be
The inset of Fig. 2 presents a log-log plot of the same tubule data presented in linear scale in the main portion of the figure. A linear regression using the natural logarithms of the data yields a slope of -2.0 ± 0.06 for both empirical potentials and the LDF results, with a high correlation coefficient. Using the results of this fit, we have drawn solid lines in the main portion of Fig. 2 showing how well the 1/R 2 behavior fits the results for the empirical potentials. Thus we find that the 11R 2 dependence derived from continuum ela. tic theory' 1 ' 12 persists to very small radius tubules.
Also shown in Fig. 2 are the energies per atom with respect to graphite for the icosahedral fullerene clusters C 6 0 , C 180 and C 2 40 calculated using the respective empirical potentials. These clusters represent highly-symmetric structures which have the strain energy well distributed around the cluster. 3 For both potentials the strain energy associated with these clusters is much larger than the infinite tubules with comparable radii, but should reduce to the graphite limit as the radius increases. This larger strain energy for the fullerenes reflects that while in tubules the curvature is restricted to one dimension perpendicular to the tubule axis, in fullerenes this curvature is present in two dimensions with respect to the flat graphite sheet. The formation of fullerene clusters rather than tubules during condensation may therefore be controlled by growth kinetics rather than energetics.
We have also examined the energetics of stretching and compressing a tubule. tubules yield the lower and upper limits of the stiffness along the tubular axis, respectively, for a given radius.
We have calculated the energies of optimized structures for all possible graphitic tubules with radii less than 9 A using two different empirical potentials. We find a strain energy dependence on tubule radius of 1/R 2 derived from continuum elastic theory even down to tubule radii of -3.5 A, that typical of buckminsterfullerene (Cro). LDF calculations for a series of serpentine tubules substantiate the former trend, but yield a somewhat larger strain energv. We also predict thaxt this strain energy is much smaller than that in highly-symmetric 
